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ABSTRACT 

The  ability  to  manipulate  the  spin  states  of  charges  confined  in  quantum  dots  (QDs)  is  essential  for  the  realization 
of  a  quantum  computer  based  on  such  spins.  Here,  we  present  experimentally  realized  electron  spin  qubit  gates 
in  a  single  self-assembled  InAs  QD  using  a  combination  of  picosecond  optical  pulses,  spin  precession  about 
an  external  DC  magnetic  field  and  optically  generated  geometric  phases.  Arbitrary  unitary  operations  on  the 
electron  spin  qubit  may  be  constructed  using  a  combination  of  optical  pulses  and  either  spin  precession  or  the 
optically  generated  geometric  phases. 

Keywords:  quantum  dot,  quantum  computing,  qubit  gates,  coherent  control,  spin  rotation,  geometric  phase 

1.  INTRODUCTION 

In  recent  years,  the  spins  of  charges  confined  in  semiconductor  quantum  dots  (QDs)  have  been  shown  to  possess 
a  number  of  properties  attractive  for  quantum  computing  implementations1  due  to  their  three-dimensional 
confinement.2,3  These  properties  include  long  spin  lifetimes4  and  coherence  times5,6  as  well  as  the  ability  to  be 
grown  in  scalable  patterned  structures  for  device  applications.7,8  Optical  approaches  to  performing  quantum 
computing  with  QD  confined  spins  have  successfully  demonstrated  spin  qubit  initialization9^11  and  read-out11, 12 
and  have  recently  shown  the  rotation  of  such  a  spin  about  the  optical  axis,13,14  an  important  step  towards  the 
realization  of  universal  quantum  gates.  Further,  optically  based  spin  control  allows  for  the  possibility  of  ultrafast 
arbitrary  single  qubit  operations,15  thereby  enabling  the  execution  of  a  large  number  of  operations  within  the 
resident  spin  coherence  time. 

We  present  here  single  qubit  gates  for  an  electron  spin  qubit  confined  in  a  single  self-assembled  InAs  QD  using 
optical  techniques  in  conjunction  with  an  external  DC  magnetic  field  applied  perpendicular  to  the  sample  growth 
axis  (Voigt  geometry).  These  gates  are  based  on  three  different  physical  processes  that  rotate  the  electron  spin 
about  a  particular  axis:  pulse-driven  two-photon  Raman  transitions,  spin  precession  about  the  external  magnetic 
field  and  optically  driven  trion  Rabi  oscillations  that  impart  a  geometric  phase16  to  one  of  the  electron  spin  states 
with  each  complete  cycle.  We  first  investigate  the  theoretical  operation  of  each  process,  expressing  each  operation 
in  terms  of  a  unitary  transformation  matrix.  From  these  unitary  transformation  matrices,  possible  single  qubit 
operations  may  be  determined. 

Discussion  then  turns  towards  experimental  results,  beginning  with  an  overview  of  the  sample  structure  and 
the  experimental  setup  employed.  The  sample  characterization  process  is  then  briefly  discussed,  followed  by 
a  discussion  of  the  general  experimental  procedure  used  to  demonstrate  single  spin  qubit  gates.  Experiments 
are  then  performed  to  demonstrate  each  of  the  physical  processes  leading  to  spin  rotation.  The  results  of  these 
experiments  are  then  discussed  in  detail,  as  well  as  possible  future  directions. 
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Figure  1.  Energy  level  diagram  for  the  electron  spin  ground  states  and  the  lowest-lying  trion  states  in  the  presence  of  an 
external  DC  magnetic  field  along  z.  Ai  and  A2  indicate  the  two  two-photon  pathways  between  the  spin  ground  states. 
Paramaters  for  the  pulsed  and  CW  optical  fields  are  also  indicated.  For  convenience  in  theoretical  discussions,  each  state 
is  given  a  label  of  the  form  |  i). 


2.  SINGLE  SPIN  QUBIT  GATES:  THEORY 

The  dynamics  of  an  optically  driven  QD-confined  electron  spin  in  the  presence  of  an  externally  applied  Voigt 
profile  DC  magnetic  field  may  be  determined  by  solving  for  the  time-dependent  probability  amplitudes  of  the 
electron  spin  ground  states  and  the  lowest  lying  trion  (negatively  charged  exciton)  states.  Fig.  1  illustrates  the 
energy  level  configuration  for  a  magnetic  field  applied  along  the  z  axis,  perpendicular  to  the  growth/optical  axis 
x.  For  each  physical  process  that  leads  to  spin  rotation,  we  seek  the  unitary  transformation  matrix  U(t',t )  such 
that 


C2W) 


Cl  CO 
C2CO 


(i) 


where  Ci(t )  is  the  probability  amplitude  associated  with  state  \i)  according  to  the  labeling  scheme  of  Fig.  1.  The 
probability  amplitudes  are  determined  by  solving  Schrodinger’s  equation  for  the  four  level  system. 


2.1  Pulse-Driven  Two-Photon  Raman  Processes 


We  first  consider  the  operation  of  an  optical  pulse  highly  red-detuned  from  the  electron-trion  transitions  of  the 
form  E p{t)  =  ^Epsech  (y)  \ee~lu)pt  +  c.c.]  with  e  =  (1/V2 )(H  +  el<^V),  where  0  is  an  arbitrary  phase  between 
the  horizontal  (H)  and  vertical  (V)  polarization  components.  Since  the  width  of  pulses  employed  in  experiments 
2  ps)  is  orders  of  magnitudes  shorter  than  trion  lifetimes  measured  in  these  systems,10  we  ignore  excited 
state  relaxation  and  dephasing  during  the  pulse.  Further,  we  assume  that  the  detuning  is  sufficiently  large  so 
as  to  enable  the  adiabatic  elimination  of  the  trion  states.  Under  these  conditions,  the  unitary  transformation 
associated  with  the  operation  of  the  pulse  is  found  to  have  the  form 


Up( oc,  -00)  =  Rx{0) 


cos(#/2 )  —i  sin(0/2) 

—i  sin(0/2)  cos(#/2) 


<9  =  Re  [ie~i(t>] 


Sp 


(2) 


where  =  {fiEp)/%  is  the  Rabi  frequency  associated  with  the  pulse  for  a  trion  dipole  moment  /i,  Sp  is  the 
pulse  detuning  and  r  is  a  measure  of  the  pulse  width  in  time.  Employing  the  notation  of  Ref.,17  we  find  that 
Eq.  2  has  the  general  form  of  a  counter-clockwise  rotation  about  the  optical  axis  x  by  an  angle  9.  We  also  note 
that  the  angle  of  rotation  depends  on  the  phase  0:  for  a  linearly  polarized  pulse  (0  =  0,  7r),  0  =  0  and  Uv 
simplifies  to  the  identity  matrix,  while  for  a  circularly  polarized  pulse  (0  =  ±7r/2),  the  absolute  value  of  6  is 
maximized.  Thus,  only  detuned  circularly  (or  elliptically)  polarized  pulses  are  capable  of  rotating  the  electron 
spin,  the  handedness  of  the  rotation  depending  on  the  helicity  of  the  polarization.  This  polarization  dependence 
may  be  viewed  as  a  consequence  of  the  interference  between  the  two  two-photon  quantum  pathways  (Ai  and  A2 
in  Fig.  1)  between  the  electron  spin  ground  states.  Useful  single  qubit  gates  that  may  be  constructed  from  Eq.  2 
include  Rx(6  =  7 r)  =  iX  where  X  is  the  Pauli  x- matrix  and  Rx{9  =  7t/2)  =  (2) “2  (/  +  zX)  where  I  is  the  identity 
matrix.  The  former  gate  can  be  used  as  a  single  qubit  flip  gate,  while  the  latter  can  serve  as  a  component  of  the 
important  Hadamard  gate. 


Proc.  of  SPIE  Vol.  7611  761101-2 


Downloaded  from  SPIE  Digital  Library  on  02  Sep  2011  to  141.213.19.111.  Terms  of  Use:  http://spiedl.org/terms 


2.2  Spin  Precession 

Due  to  the  presence  of  the  DC  magnetic  field  along  z,  the  component  of  the  electron  spin  vector  perpendicular  to 
the  magnetic  field  precesses  about  z  at  the  Zeeman  precession  frequency  Ae.  The  unitary  transformation  matrix 
associated  with  spin  precession  may  be  obtained  in  a  straightforward  manner  and  has  the  form 


Uprec(t,  0)  =  Rz(tf) 


e«?/2  o 

0  e-”9/2 


$  =  A  et 


(3) 


corresponding  to  a  time-dependent  clock-wise  rotation  about  z.  For  $  =  7r,  this  rotation  performs  the  operation 
Rz(tt )  =  iZ,  where  Z  is  the  Pauli  ^-matrix,  and  can  be  used  as  a  single  qubit  “phase  flip”  gate.  Further,  this 
rotation  may  be  used  in  conjunction  with  two  detuned,  time-delayed  circularly  cross-polarized  optical  pulses  to 
obtain  an  effective  rotation  about  the  y  axis,  i.e.  Ry(—i3)  =  Rx(—7r/2)Rz(tf)Rx(7r/2). 

2.3  Optically  Generated  Geometric  Phases 

The  final  method  of  spin  rotation  we  consider  is  by  the  driving  of  Rabi  oscillations  in  one  of  the  trion  transitions 
with  a  narrow-bandwidth  continuous  wave  (CW)  optical  field  of  the  form  E cw  =  VECW  cos (ujcwt).  For  CW  Rabi 
frequencies  £lcw  =  fiEcw/Ti  much  greater  than  the  trion  relaxation  rate,  each  complete  trion  Rabi  oscillation  cycle 
is  essentially  a  cyclic  quantum  evolution  wherein  the  wavefunction  of  the  optically  driven  transition  obtains  an 
overall  phase  <h.  <F  consists  of  two  components:  a  dynamic  component  a  that  depends  on  the  cycle- averaged 
expectation  value  of  the  Hamiltonian  and  a  geometric  component  /?  that  depends  on  the  geometry  of  the  closed 
curve  representing  the  cyclic  evolution  in  the  particular  projective  Hilbert  space  given  in  Ref.16 

To  determine  the  forms  of  the  phase  components  a  and  /?,  we  consider  the  case  where  the  |1)  to  |4)  transition 
is  driven  by  the  CW  field  and  take  the  generalized  Rabi  frequency  Qg  =  \J Q^w  +  5%w  to  be  sufficiently  small  so 
that  no  other  trion  transition  is  driven.  In  this  case,  the  total  phase  <F  accrued  by  the  transition  wavefunction 
|Ti^4)  =  Ci(t)  |1)  +  C±(t)  |4)  for  each  complete  trion  Rabi  oscillation  is  <F  =  7r  (1  —  5CW/Qg).  Though  the 
dynamic  component  a  of  the  total  phase  is  generally  nonzero,  it  is  zero  if  there  is  initially  no  population  in  the 
1 4)  state.  Consequently,  this  is  the  case  encountered  in  our  experiments,  since  we  investigate  the  operation  of  the 
CW  field  after  the  operation  of  a  detuned  circularly  polarized  pulse  that  leaves  negligible  population  in  the  trion 
states.  Thus,  the  geometric  phase  /3  =  4>  and  the  unitary  transformation  matrix  associated  with  each  complete 
Rabi  oscillation  is 


Ucw(T,0)  =  Ph(/3)  = 


0 

0  1 


(3  =  7T 


(4) 


where  T  =  2'ir/Q,g  is  the  Rabi  period.  From  Eq.  4,  we  see  that  the  geometric  phase  imparted  with  each  CW 
driven  trion  Rabi  oscillation  functions  as  a  general  type  of  phase  gate  as  it  alters  the  phase  of  the  |1)  state  while 
leaving  the  |2)  state  unaffected.  In  addition,  Eq.  4  may  be  reexpressed  as  Ph(/?)  =  el^!2Rz(fi\  signifying  that 
to  within  a  global  phase  factor  ez^/2,  the  optically  imparted  geometric  phase  effectively  rotates  the  electron  spin 
about  the  z  axis  by  an  angle  yd,  the  handedness  of  the  rotation  depending  on  the  sign  of  yd.  It  then  follows  that, 
in  principle,  either  spin  precession  or  optically  imparted  geometric  phases,  which  both  rotate  the  spin  about  5, 
may  be  used  with  pulse-driven  spin  rotations  about  x  to  achieve  arbitrary  unitary  single  qubit  operations. 


3.  SAMPLE  AND  EXPERIMENTAL  SETUP 

Experiments  are  performed  on  a  single  self-assembled  InAs  dot  contained  within  in  a  single-layer  QD  heterostruc¬ 
ture  sample  grown  by  molecular  beam  epitaxy.  The  sample  is  placed  in  a  magneto  cryostat  to  enable  operating 
temperatures  of  approximately  5  K.  Optical  excitation  through  lym  diameter  apertures  in  the  A1  mask  on  the 
sample  surface,  in  conjunction  with  energy  selectivity,  enables  single  QD  studies.  An  external  bias  voltage  pro¬ 
vides  a  means  of  controlling  the  number  of  electrons  in  a  given  QD  and  is  set  such  that  the  selected  dot  contains 
a  single  electron.  Optical  pulses  are  provided  by  a  mode- locked  TiiSapph  laser  source  that  generates  pulses  ~  2 
ps  in  width  with  a  repetition  period  of  13.2  ns  while  the  CW  field  is  provided  by  a  tunable  externally- locked 
TiiSapph  ring  laser  with  an  optical  bandwidth  of  <  500  kHz. 
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Figure  2.  (a)  Theoretical  and  (b)  experimentally  measured  CW  absorption  signals  in  one-pulse  studies  performed  with  a 
magnetic  field  of  5.5  T  for  different  pulse  polarizations  and  detunings  as  a  function  of  the  sample  bias  voltage  and  pulse 
amplitude  Ep. 


4.  QD  CHARACTERIZATION 

The  suitability  of  a  particular  dot  for  experiments  is  first  determined  by  performing  photoluminescence  studies 
to  ensure  that  the  emission  energies  are  accessible  and  sufficiently  isolated  (by  an  optical  pulse  width  or  more) 
from  those  of  other  nearby  QDs.  A  series  of  Stark-shift  modulation  absorption  studies18  are  then  performed  to 
determine  the  energies  of  the  trion  transitions  at  different  magnetic  field  strengths.  We  pay  particular  attention 
to  the  disappearance  of  the  trion  absorption  signals  as  the  magnetic  field  is  increased  as  this  is  a  signature  of  the 
ability  to  optically  pump  the  electron  spin  to  a  pure  state.10  We  employ  optical  pumping  to  initialize  the  spin 
in  the  experiments  discussed  below. 


5.  EXPERIMENTAL  RESULTS 

The  spin  qubit  manipulations  discussed  in  Section  2  are  experimentally  verified  by  performing  a  series  of  experi¬ 
ments  where  the  electron  is  first  initialized  by  optical  pumping,  manipulated  and  then  read-out.  Specifically,  the 
electron  spin  is  initialized  to  the  |2)  state  by  tuning  the  CW  field  to  the  |1)  to  |4)  transition.  Spin  manipulation 
is  achieved  by  exciting  the  dot  with  either  a  single  optical  pulse  train  (one-pulse  studies)  or  two  time-delayed 
optical  pulse  trains  (two-pulse  studies).  Read-out  is  performed  by  measuring  the  time-averaged  absorption  of 
the  CW  field  used  to  initialize  the  spin  in  the  same  manner  as  with  studies  used  to  characterize  the  trion  absorp¬ 
tion.  Since  the  combination  of  pulse  delays  (if  any)  and  trion  lifetimes  (~  1  ns)  is  much  shorter  than  the  pulse 
repetition  period,  each  pulse  (or  pulse  pair)  encounters  an  initialized  spin,  thus  permitting  such  time-averaged 
measurements.  Due  to  spin  lifetimes  on  the  order  of  tens  of  ms4  in  these  systems,  absorption  measurements  in 
the  absence  of  any  spin  manipulation  yield  a  negligible  signal  due  to  optical  pumping.  If  the  operation  of  the 
optical  pulses  results  in  the  generation  of  population  in  the  |1)  state,  the  optical  pumping  process  is  triggered, 
leading  to  a  measurable  absorption  signal.  This  absorption  signal  provides  a  means  of  identifying  the  different 
spin  control  mechanisms  and  is  central  to  all  experiments  pursued. 

5.1  One-Pulse  Studies:  Two-Photon  Rotations 

The  first  set  of  experiments  performed  employs  a  single  pulse  train  to  manipulate  the  spin  after  initialization. 
To  uniquely  identify  the  absorption  signal  resulting  from  the  the  driving  of  two-photon  Raman  transitions  in 
the  dot,  experiments  are  performed  comparing  the  operation  of  a  45°  polarized  pulse  (</>  =  0)  with  that  of  a  cr+ 
polarized  pulse  (0  =  7r/2)  both  on  resonance  and  red-detuned  approximately  1  meV  from  the  trion  transitions. 
Specifically,  CW  absorption  is  measured  as  a  function  of  the  sample  bias  voltage  and  the  optical  pulse  amplitude. 
Figs.  2(a)  and  (b)  plot  the  theoretically  calculated  and  experimentally  observed  absorption  signals,  respectively. 
Calculations  are  based  on  solutions  to  the  density  matrix  equations  for  the  four  level  system  and  include  pulse- 
amplitude  dependent  red-shift  of  the  trion  absorption  energy  due  to  pulse-generated  carriers  in  the  sample  wetting 
layer  and  GaAs  capping  layer.  On  resonance,  both  theory  and  experiment  show  trion  Rabi  oscillations  for  a  45° 
polarized  pulse  and  a  combination  of  trion  and  electron  spin  Rabi  oscillations  for  a  cr+  polarized  pulse.  Trion 
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Figure  3.  (a)  Absorption  measurements  as  a  function  of  pulse  delay  at  5.5  T.  The  orientation  of  the  electron  spin  vector 
immediately  before  the  second  pulse  is  indicated  at  selected  delays,  (b)  Theoretically  calculated  and  (c)  experimentally 
measured  absorption  signals  as  a  function  of  pulse  delay  for  magnetic  field  strengths  ranging  from  3.3  T  to  6.6  T. 


Rabi  oscillations  are  observed  due  to  the  fact  that  any  trion  population  generated  by  the  pulses  decays  to  either 
electron  spin  ground  state  with  nearly  equal  probability,  resulting  in  non-negligible  absorption  signal.  For  a  cr+ 
polarized  pulse,  a  complete  spin  flip  (0  =  tt)  occurs  when  the  amount  of  trion  population  generated  is  minimal. 

By  detuning  the  pulses,  the  amount  of  trion  population  generated  may  be  suppressed  without  affecting  the 
trion  Rabi  frequency.  This  leads  to  an  almost  negligible  absorption  signal  for  45°  polarization.  For  the  two- 
photon  Raman  processes,  detuning  decreases  the  spin  Rabi  frequency  but  does  not  suppress  the  absorption  signal 
resulting  from  the  two-photon  rotations.  Thus,  the  absorption  signal  observed  for  cr+  polarization  is  due  entirely 
to  the  driving  of  two-photon  Raman  processes.  The  right  columns  of  Fig.  2(a)  and  (b)  verify  this  general  behavior 
in  both  theory  and  experiment,  though  experimental  results  show  a  full  rotation  of  the  spin  while  the  theory 
shows  slightly  beyond  a  full  rotation.  The  reasons  for  the  discrepancy  between  the  theoretical  and  experimentally 
observed  spin  Rabi  frequencies  are  not  clear  currently,  though  one  possible  cause  may  be  birefringence  in  the 
sample  layers  above  the  QD,  which  would  lead  to  elliptically  polarized  pulses  at  the  dot.  Elliptical  polarization 
would  correspond  to  a  0  value  different  from  7r/2,  leading  to  a  reduced  magnitude  of  6  and,  hence,  a  reduced 
spin  Rabi  frequency.  Nevertheless,  a  detuned  circularly  polarized  pulse  may  be  used  to  execute  spin  rotations 
about  the  optical  axis  x  on  timescales  determined  by  the  pulse  width  and  with  fidelities  approaching  unity  as 
the  detuning  is  increased.  The  spin  qubit  gates  Rx{ 7r)  and  Rx( 7r/2)  mentioned  in  Section  2.1  may  be  realized 
by  setting  the  pulse  amplitude  to  the  value  that  yields  the  maximum  absorption  signal  and  the  first  value  that 
yields  one  half  the  maximum  absorption  signal,  respectively. 

5.2  Two-Pulse  Studies:  Spin  Precession 

Having  demonstrated  the  use  of  detuned  circularly  polarized  pulses  to  rotate  the  spin  about  the  optical  axis, 
we  now  turn  to  studies  using  two  red-detuned,  time-delayed  cr+  polarized  pulses  of  pulse  area  6  =  n/2.  These 
studies  enable  the  observation  of  transient  phenomena  that  occur  between  pulses  and  are  first  used  to  observe 
spin  precession.  Since  the  CW  initialization  field  is  constantly  left  on,  we  consider  pulse  delays  much  shorter 
than  the  CW  Rabi  period  T  to  focus  on  the  effect  of  spin  precession  on  the  measured  absorption  signal. 

In  these  experiments,  the  first  7r/2  pulse  rotates  the  electron  spin  vector  into  the  plane  perpendicular  to  the 
magnetic  field.  Due  to  precession,  the  final  projection  of  the  spin  vector  along  the  magnetic  field  axis  after  the 
second  pulse,  which  determines  the  measured  absorption  signal,  depends  on  the  time  delay  between  the  two 
pulses.  Thus,  absorption  measurements  as  a  function  of  pulse  delay  will  oscillate  at  the  electron  Zeemen  splitting 
frequency  Ae.  This  oscillatory  dependence  is  clearly  exhibited  in  Fig.  3(a),  which  plots  absorption  measurements 
as  a  function  of  pulse  delay  for  an  external  magnetic  field  of  5.5  T.  To  further  confirm  the  observation  of  spin 
quantum  beats,  we  perform  these  absorption  measurements  for  magnetic  field  strengths  ranging  from  3.3  T  to 
6.6  T.  Figs.  3(b)  and  (c)  plot  the  theoretically  calculated  and  experimentally  measured  absorption  signals  as  a 
function  of  pulse  delay,  both  showing  the  expected  dependence  of  the  precession  frequency  on  the  magnetic  field 
strength.  From  the  oscillation  frequency,  an  electron  g-factor  magnitude  of  0.4  is  extracted.  From  the  data,  we 
see  that  at  higher  magnetic  field  values,  complete  rotations  about  the  magnetic  field  axis  z  may  be  obtained 
within  a  few  tens  of  ps.  The  operation  of  the  two  7r/2  pulses  and  spin  precession  constitutes  a  composite  gate 
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Figure  4.  (a)  Theoretically  calculated  values  of  the  |1)  state  population  immediately  after  the  second  pulse  and  (b)  the 
corresponding  experimentally  measured  absorption  measurements  as  a  function  of  pulse  delay  for  different  CW  field  powers 
and  a  magnetic  field  of  5.5  T.  The  effect  of  the  optically  imparted  geometric  phases  may  be  observed  by  comparing  the 
scans  at  the  delays  indicated  by  the  green  dashed  lines.  Red  circles  indicate  the  cases  where  the  trion  Rabi  period  is  roughly 
equal  to  an  integer  number  of  spin  precession  periods,  enabling  the  construction  of  purely  optical  spin  manipulations. 


of  the  form  i[sm($/2)Z  —  cos(/#/2)X].  To  within  a  leading  phase  term,  a  composite  Z  operation  is  obtained  at 
#  =  A  et  =  7 r. 

5.3  Two-Pulse  Studies:  Optically  Generated  Geometric  Phases 

As  mentioned  in  the  previous  section,  the  CW  initialization  field  is  left  on  between  pulses  and  thus  drives  Rabi 
oscillations  between  the  |1)  and  |4)  states  as  the  electron  spin  precesses  and  is  re-initialized.  If  two-pulse  studies 
are  repeated  covering  delay  ranges  comparable  to  or  greater  than  the  CW  Rabi  period,  the  effect  of  CW  driven 
trion  Rabi  oscillations  may  be  observed  in  the  measured  absorption  signal.  Since  the  CW  field  resonantly  drives 
the  |1)  to  |4)  transition,  £}g  =  Vtcw  and  <f>  =  /3  =  n.  As  a  result,  two  additional  features  in  the  spin  quantum  beat 
signal  are  expected:  1)  a  modulation  envelope  of  frequency  flcw  and  2)  a  phase  shift  of  i r  in  the  quantum  beat 
signal  with  each  complete  trion  Rabi  oscillation.  The  modulation  envelope  is  a  result  of  the  CW  field  driving 
population  from  |1)  to  |4)  during  each  trion  Rabi  oscillation:  at  times  when  the  |4)  population  is  maximized, 
the  electron  spin  vector  lies  along  the  magnetic  field  axis  (i.e.  along  —z)  and  does  not  precess,  resulting  in  a 
quantum  beat  amplitude  of  zero. 

Fig.  4  plots  (a)  the  theoretically  calculated  values  of  the  |1)  population  immediately  after  the  second  7r/2  pulse 
and  (b)  the  corresponding  experimentally  measured  absorption  signals  for  longer  delay  ranges  and  different  CW 
field  powers.  Both  theory  and  experiment  clearly  show  a  CW  power  dependent  modulation  of  the  spin  quantum 
beat  signal.  Further,  comparison  of  the  absorption  scans  at  delays  indicated  by  the  dashed  green  lines  enable 
observation  of  the  geometric  phase  imparted  to  the  |1)  state  with  each  complete  trion  Rabi  oscillation.  Near  zero 
delay,  all  quantum  beat  signals  start  initially  in  phase.  Around  200  ps,  the  5  mW  and  10  mW  absorption  scans, 
which  have  each  undergone  roughly  a  complete  trion  Rabi  oscillation,  are  i r  out  of  phase  with  the  .2  mW  scan, 
which  does  not  undergo  a  complete  trion  Rabi  oscillation  in  the  delay  range  covered.  The  13  mW  absorption 
scan  shows  a  phase  shift  of  less  than  i r  since  it  is  approaching  a  1 1)  population  depletion  point,  near  which  the 
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phase  changes  rapidly.  After  undergoing  a  second  complete  trion  Rabi  oscillation  (near  350  ps),  the  5  mW  and 
10  mW  scans  are  once  again  in  phase  with  the  .2  mW  scan,  each  having  undergone  two  i r  phase  shifts.  This 
result  demonstrates  the  ability  to  control  the  total  geometric  phase  acquired  by  the  |1)  state  by  driving  multiple 
trion  Rabi  oscillations.  Arbitrary  phase  shifts  may  in  principle  be  obtained  using  a  combination  of  different  CW 
field  detunings  and  multiple  trion  Rabi  oscillations,  the  speed  of  operation  determined  by  the  Rabi  period  T. 

We  note  further  that  entirely  optically  driven  arbitrary  spin  rotations  may  be  constructed  from  a  combination 
of  pulse-driven  rotations  and  optically  imparted  geometric  phases  when  the  trion  Rabi  period  is  equal  to  an 
integer  multiple  of  spin  precession  periods.  Cases  where  this  condition  is  approximately  met  in  experiments  with 
a  resonant  CW  field  are  indicated  by  the  red  circles  in  Fig.  4.  At  those  points,  the  total  operation  of  the  two 
7r/2  pulses  and  the  CW-driven  trion  Rabi  oscillation,  to  within  a  leading  phase  term,  forms  an  optically  driven 
composite  Z  gate. 


6.  CONCLUSIONS  AND  FUTURE  DIRECTIONS 

We  have  investigated  single  qubit  gates  for  an  electron  spin  confined  in  a  self-assembled  InAs  QD  in  both  theory 
and  experiment  for  three  different  physical  processes  that  rotate  the  spin:  pulse-driven  two-photon  Raman 
transitions,  spin  precession  and  optically  generated  geometric  phases.  Mathematical  expressions  for  the  operation 
of  each  process  were  obtained  in  terms  of  unitary  transformation  matrices,  from  which  possible  single  qubit  gates 
may  be  determined.  Experiments  utilizing  pulsed  and  CW  optical  fields  in  conjunction  with  an  externally  applied 
DC  magnetic  field  in  the  Voigt  geometry  were  performed  to  demonstrate  particular  spin  qubit  gates  executed  by 
each  of  the  physical  processes. 

To  more  rigorously  demonstrate  the  execution  of  single  qubit  gates  presented  here  and  evaluate  their  fideli¬ 
ties,  density  matrix  tomography  may  be  performed  to  map  out  the  system  density  matrix  elements  using  the 
combination  of  a  detuned  circularly  polarized  optical  pulse  and  spin  precession.  Such  a  procedure  would  require 
a  careful  characterization  of  the  fidelities  of  the  rotations  performed  by  the  pulses  and  spin  precession,  though 
such  a  procedure  should  in  principle  be  straightforward  to  develop  given  the  results  presented  here. 

In  addition,  the  use  of  optically  generated  geometric  phases  to  control  the  electron  spin  demonstrated  here 
may  be  developed  further  to  enable  the  use  of  optical  pulses  to  impart  equal  and  opposite  geometric  phases  to 
the  resident  spin  states  as  proposed  in  Ref.15  This  could  potentially  allow  operation  times  on  the  order  a  few 
tens  of  ps,  an  order  of  magnitude  shorter  than  the  shortest  operation  time  of  ~  140  ps  obtained  here  with  a  13 
mW  CW  field  (Fig.  4). 

This  work  was  supported  in  part  by  ARO/LPS/IARPA,  AFOSR,  DARPA,  NSF,  and  ONR. 
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